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ABSTRACT 
A batch reactor device utilizing photocatalysis and a flow reactor combining 
photocatalysis and photoelectrocatalysis were developed for bacterial disinfection in lab-
synthesized and natural waters. The batch reactor provided a 90% decrease in initial 
concentration (~1 x 103 CFU/mL) after 60 minutes when subjected to incident light at 
100 mW/cm2 and continuous mixing via aeration. A combination of photocatalysis and 
photoelectrocatalysis in the flow reactor provided complete inactivation of contaminated 
waters with flow rates of 50 mL/min. Both devices consisted of immobilized titanium 
dioxide nanotube arrays as the catalyzing medium. The flow reactor used an applied bias 
of up to 6 V without noticeable water splitting. Light intensity, applied voltage, and 
background electrolytes and concentration were all found to impact the device 
performance. Complete inactivation of E. coli W3110 (800 CFU/mL) occurred in 15 
seconds in the flow reactor irradiated at 25 mW/cm2 with an applied voltage of 4 V in a 
100 ppm NaCl solution. Disinfection in natural water was inhibited by the presence of 
inorganic ions and other constituents that are commonly found in natural water. To 
simulate natural scenarios in which a point-of-use device might be employed, testing was 
conducted in a natural environment using source water from Emigration Creek in Salt 
Lake City, Utah. A higher voltage of 6 V was required to reach 100% inactivation in 
natural surface water. The nanotube flow through disinfection chamber shows promise as 
a personal point-of use device for E. coli inactivation. 
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1.1 Problem Statement 
 Every year, more than 800,000 people die from water, sanitation, and hygiene-
related causes and one in nine people lack access to drinking water worldwide (Tropical 
Medicine and International Health 2014), accounting for approximately 800 million 
people as of 2015. Almost 2.5 billion people do not have access to adequate sanitation 
(UN Water 2013). Currently, there is no universally affordable method of water treatment 
available to mitigate this problem. 
In the United States we are not immune to contaminated water. There are an 
estimated 240,000 water main breaks per year in the US. Failures in drinking water 
infrastructure can result in water disruptions and impediments to emergency response 
(ASCE 2014). Contaminated wells, natural disasters and dilapidated infrastructure are all 
reasons to have a point of use (POU) water disinfection system. Fortunately, with the 
advancements in water treatment technologies, we are getting closer to mitigating these 
issues, reducing the incidence of water-borne illnesses, and making sanitation and clean 
drinking water more universally available. Solar-driven water treatment is a strong focus 
in developing regions as they tend to lack electricity and the necessary infrastructure that 





According to the Outdoor Industry Association more than 140 million Americans 
make outdoor recreation a priority in their daily lives, including 82% of Utah residents 
(~2.4 million people) (Outdoor Industry Association 2014). Much of this recreation is 
expected to require the consumption of water from natural sources that have the potential 
to contain bacteriological contaminants such as Escherichia coli (E. coli); harmful itself 
and an indicator of the presence of other disease-causing bacteria. Although there are a 
variety of proven alternatives for purifying source water available in the outdoor 
recreation industry, they have their disadvantages. The technology described herein 
utilizes a solar-driven oxidation reaction to inactivate bacteria rather than chemical 
oxidation (extended treatment times and unpleasant taste), physical filtration (costly 
pumping, need to replace filters), or ultraviolet disinfection (expensive parts) in currently 
available commercial products. Table 1 shows the characteristics of each of the existing 
treatment methods. The photocatalytic (PC) titania used for the reaction is nontoxic and 
nonconsumable so there is no need for replacement unless the device is physically 
damaged. 
 
1.2 Titanium Dioxide as a Photocatalyst 
Titanium dioxide (TiO2) is a solid-state photocatalyst that produces reactive 
oxygen species (ROS) when exposed to ultraviolet radiation (UV) (<387 nm) (Fujishima 
1972). When TiO2 is irradiated with sunlight, electron-hole pairs are generated and react 
with water molecules, forming ROSs, such as •OH radicals, and bacterial inactivation 
occurs via physical destruction of the cell membrane (Matsunaga 1985, Palaez 2012). 





nanoparticles (Rincon 2003, Alrousan 2009, Kim 2013, Wu 2008, Wolfrum 2002, 
Sunada 2003, Wei 1994, Matsunaga 1995). Rincon et al. found that suspended TiO2 
nanoparticles (TNPs) had slightly higher biocidal activity rates than Nafion® supported 
TNP coated membranes. It was suggested that the support structure could have played a 
role in the recombination of the electron-hole pairs, which would lead to lower radical 
formation and biocidal activity (Rincon 2003). However, immobilization of TiO2 is 
typically preferred if the material and device are to be reused, as TNP suspensions can be 
difficult to implement into devices where separation of the material from the water is 
needed before consumption. 
 
1.2.1 Titanium Dioxide Nanotube Array Formation 
Inherently immobilized TiO2 nanotubes can be easily formed through the 
anodization of titanium metal. Anodically formed TiO2 nanotube arrays (TNAs) are also 
beneficial as they can be created on any titanium morphology, which also provides better 
connectivity to the metal substrate (Nie 2014, Butterfield 1997, Smith 2013). 
Connectivity is especially important in a photoelectrocatalytic (PEC) cell, where an 
anodic bias is applied to the titanium substrate of the TNA for improved efficiency. 
Driving photogenerated electrons away from the surface reduces electron-hole pair 
recombination, increasing the time and concentration of holes that can react with water 
molecules to form radicals or directly oxidize bacteria. It also prevents the TNA from 
becoming negatively charged, eliminating any electrostatic repulsion that the negatively 






1.2.2 Device Development for Real World Application 
Consumer devices using this technology have not yet been established due to long 
treatment times (typically observed in batch reactors) or low throughput (i.e., 
microfluidic chambers). This research has led to the development of an economical 
device that is ideal for portable, POU applications, such as backpacking. The following 
reports the study on a flow reactor that combines PEC inactivation with electroporation 
for the inactivation of E. coli W3110. Parameters such as contact time, lighting 
conditions, applied voltage and NaCl concentrations were investigated. Additionally, in 
situ testing was conducted at Emigration Creek at Rotary Glen Park in Salt Lake City to 
evaluate the efficacy of the system in a real-world setting with natural surface water. 
 
1.3 History of Titanium Dioxide as a Photocatalyst 
Research in the field of photocatalysis with TiO2 electrodes began as early as 
1972 when Fujishima and Honda discovered PC water splitting (Fujishima and Honda 
1972). When they discovered water could be split into hydrogen and oxygen, many 
studies were focused on hydrogen generation for energy purposes. Later studies 
discovered the catalytic power of certain semiconductors when subjected to irradiation 
(Fox and Dulay 1993). Some semiconductors were found to completely mineralize 
certain environmental pollutants (Fujishima et al 2007). While a number of studies were 
carried out using WO3, SiO2, ZrO2, ZnO, Nb2O3, Fe2O3, among other semiconductors, 
TiO2 has become the preferential semiconductor for solar irradiated photolysis for a 
number of reasons. TiO2 is the most active photocatalyst under the photon energy of 300 





resistance to photocorrosion and an ideal band-gap energy (Ye and Ohmori 2002). It is 
also a desirable material due to its abundance, chemical inertness, and durability 
(Saravanan 2009) and nontoxic properties. Following Fujishima and Honda’s discovery, 
many studies sought to better understand the fundamental processes and improve the PC 
efficiencies of TiO2 (Linsebigler 1995). Matsunaga et al. first reported the PC 
inactivation of microorganisms using UV-irradiated TiO2 powder (Matsunaga et al. 
1988). Since then, significant research has been conducted in the area of environmental 
cleanup and water disinfection using TiO2 photocatalysis. In particular, active interest in 
bacterial inactivation has been shown in many recent studies (Alrousan 2009, Rincon 
2003, Nie 2014, Baram 2011, Markowska-Szczupak 2011, Foster 2011, Dalrymple 2010, 
Lu 2003, Cho 2004). These discoveries could potentially open the door to cost effective 
chemical-free water purification for a number of applications (personal POU, residential, 
commercial, municipal, and industrial). Furthermore, advancements in the formation and 
manipulation of TNAs have driven research in their use for water disinfection.  
 
1.4 Disinfection Mechanism of Photocatalysis 
Contrary to current methods of water purification systems, photocatalysis breaks 
down pollutants into harmless substances and does not leave behind any byproducts to be 
disposed of. This is especially beneficial at a larger scale such as municipal or industrial 
water treatment plants due to the significant cost saving associated with waste disposal. 







𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐶𝐶𝐶𝐶𝑂𝑂𝐶𝐶𝑂𝑂𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇𝑂𝑂2/ℎ𝜐𝜐�⎯⎯⎯⎯� 𝐼𝐼𝑂𝑂𝐶𝐶𝐼𝐼𝑂𝑂𝐶𝐶𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐶𝐶𝐼𝐼(𝐶𝐶) → 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂            (1)  
Disease-causing bacteria is oxidized without the introduction of chemicals such as 
chlorine, which is known to generate harmful disinfection byproducts such as 
trihalomethanes, haloacetic acids and chlorite. 
 Advanced oxidation processes (AOPs) are an emerging technology that has 
shown promise in water treatment technologies. AOPs utilize the production of hydroxyl 
radicals to oxidize organic contaminants. For applications in water treatment, AOPs 
usually refer to processes involving O3, H2O2 or UV light. AOPs also include 
semiconductor catalysis, cavitation, E-beam irradiation, and Fenton’s reaction (Fox & 
Dulay 1993, Legrini 1993). Heterogeneous photocatalysis has received increased 
attention due to a number of important features extending their feasible applications in 
water treatment, such as ambient operating temperature and pressure, complete 
mineralization of compounds without generating secondary pollution, and low operating 
costs (Chong 2010).  
 The fundamental mechanism of photocatalysis with TNAs is the generation of 
oxidative and reductive reactions on its surface. This is contributed to the single electron 
in the TiO2 outer orbital. When photon energy equal to or greater than the bandgap of 
TiO2 is illuminated on its surface, the lone electron is photoexcited to the empty 
conduction band and leaves behind a hole in the valence band, creating an electron-hole 
pair (e––h+). The oxidation-reduction reactions that occur on the TiO2 surface upon 
illumination are shown in Eqs. 2-12. The bandgap of TiO2 is 3.2 eV and 3.0 eV for the 





pair formation when the TiO2 surface is subjected to adequate irradiation. The necessary 
wavelength required for these reactions is λ < 400 nm. 
 
Photoexcitation: 𝑇𝑇𝑂𝑂𝑂𝑂2 + ℎ𝜐𝜐 →  𝐼𝐼− + ℎ+         (2) 
 
Charge-carrier trapping of e-: 𝐼𝐼𝐶𝐶𝐶𝐶− → 𝐼𝐼𝑇𝑇𝑇𝑇−           (3) 
 
Charge-carrier trapping of h+: ℎ𝑉𝑉𝐶𝐶+ →  ℎ𝑇𝑇𝑇𝑇+          (4) 
 
Electron-hole recombination: 𝐼𝐼𝑇𝑇𝑇𝑇− + 𝐻𝐻𝑉𝑉𝐶𝐶+ (𝐻𝐻𝑇𝑇𝑇𝑇+ ) → 𝐼𝐼𝐶𝐶𝐶𝐶− + ℎ𝐼𝐼𝑂𝑂𝐶𝐶        (5) 
 
Photoexcited e- scavenging: (𝑂𝑂2)𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐼𝐼− → 𝑂𝑂2•−         (6) 
 
Oxidation of hydroxyls: 𝑂𝑂𝐻𝐻− + ℎ+ → 𝑂𝑂𝐻𝐻•          (7) 
 
Photodegradation by 𝑂𝑂𝐻𝐻•: 𝑅𝑅 − 𝐻𝐻 + 𝑂𝑂𝐻𝐻• → 𝑅𝑅′• + 𝐻𝐻2𝑂𝑂         (8) 
 
Direct photoholes: 𝑅𝑅 + 𝐻𝐻 → 𝑅𝑅+• → 𝐼𝐼𝑂𝑂𝐶𝐶𝐼𝐼𝑂𝑂𝐶𝐶𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐶𝐶𝐼𝐼/𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹 𝐷𝐷𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝑂𝑂𝐶𝐶𝑂𝑂𝐶𝐶𝑂𝑂 Products  (9)  
Protonation of superoxides: 𝑂𝑂2•− + 𝑂𝑂𝐻𝐻• → 𝐻𝐻𝑂𝑂𝑂𝑂•       (10) 
 






Formation of 𝐻𝐻2𝑂𝑂2: 𝐻𝐻𝑂𝑂𝑂𝑂− + 𝐻𝐻+ → 𝐻𝐻2𝑂𝑂2        (12) 
 
1.5 Project Description 
 This thesis seeks to develop a point-of-use (POU) water disinfection device that 
can inactivate bacteria in natural surface waters utilizing solar irradiated photocatalysis 
coupled with a low applied voltage. The combination of photocatalysis and a low applied 
voltage is novel in this field of study and has shown promise as a potential technology 
suitable for personal use water disinfection systems. Although studies have been 
conducted on the inactivation of bacteria using semiconductor photocatalysis and 
photoelectrocatalysis, research has not evaluated this process on a large enough scale for 
personal use applications.  
Immobilized TNAs submerged in a contaminated solution act as a catalyst when 
subjected to visible light irradiation. The energy from the sun generates electron-hole 
pairs needed to oxidize organic compounds into harmless end products and inactivate 
bacteria through physical destruction of the cell membrane. Applying an external voltage 
to the system further increases the efficiency of the system. An applied voltage initiates 
the generation of a major reactive species, h+, further contributing to the direct oxidation 
and also suppresses the electron-hole pair recombination extending the life of the hole for 
increased oxidation. Laboratory testing has also indicated the possible occurrence of 
electroporation allowing the reactive species to penetrate bacterial cell walls attacking the 
interior of the cells resulting in quicker inactivation. 
 To determine the feasibility of the proposed technology for use as a real world 





testing and laboratory controlled experiments took place. Appropriate water chemistries 
were synthesized to harbor laboratory grown E. coli and simulate natural surface water 
chemistries. A variety of experiments were conducted under varying conditions and 
controlled settings. Natural water taken from Emigration Creek at Rotary Glen Park in 
Salt Lake City, Utah was also used for testing and the water chemistry and enumerated 
bacterial composition analyses were conducted by ChemTech-Ford Laboratories in 




1.6 Research Questions 
1. Determine the appropriate bacterial loading and water chemistry for 
experimentation. 
2. Determine which parameters, such as irradiation intensity, contact time and 
applied voltage, have a noticeable effect of device performance. 
3. Determine the optimal parameters, such as irradiation intensity, contact time and 
applied voltage to achieve complete biocide. 












Table 1. Comparison of water disinfection systems. 
 
 Filters UV Iodine/Chlorine 
Mechanism Physically blocks agents 
Alters cellular 
components Chemical sterilization 








(per liter) < 1 minute 1.5 minutes 5 minutes to 4 hours 
Investment / 
Volume treated 
$60+ /1,000 – 5,000 
L $90+ / 4,000 L  < $0.50 / 1 L 





























 A substantial literature review was conducted prior to and throughout this study to 
appropriately define parameters for experimentation and continuously optimize device 
design and operation. The review was focused around three main topics of interest that 
are the basis of this study: photocatalysis using immobilized TNAs, photocatalysis 
combined with photoelectrocatalysis for the inactivation of bacteria using immobilized 
TNAs, and PC and PEC oxidation efficiency using immobilized TNAs in the presence of 
inorganic ions. 
 
2.1 Photocatalysis Using TiO2 Nanotubes 
 Photocatalysis using TNAs has been a significant research focus in the fields of 
materials, chemical and metallurgical engineering, among others, over the last few 
decades. TiO2 photocatalysis has been used for applications, such as water splitting, 
environmental pollutant remediation, wastewater treatment and air and water purification. 
Fujishima and Honda are viewed as pioneers in this field of research as they first 
discovered water splitting using irradiated TiO2 as an electrode in 1972. Fox and Dulay 
thereafter found that irradiated semiconductors could catalyze reduction reactions of 





 confirmed that  many of these environmental pollutants could be completely mineralized 
(Fujishima 2007). Several studies have evaluated the photodegradation of textile dyes in 
wastewaters using TiO2 (Smith 2009, Zhou 2012, Liao 2012). Methyl orange (MO) is a 
common organic pollutant found in wastewater effluent in the textile industry, and thus, 
is commonly used as a model compound to determine PC activity. Several studies have 
demonstrated complete degradation of the dye in slurry reactors and reported relatively 
high efficiencies (Lachheb 2002, Gerischer 1995, Vautier 2001, Dijkstra 2001, Mehorta 
2003). TiO2 nanotubes can be anodized on any titanium surface. Titanium foil, mesh and 
wires are the most common in this area of research. TiO2 is often times used as a powder 
as well. The disadvantage to using powders, or nanoparticles, is that posttreatment 
recovery of the catalyst can be inefficient and expensive (Dijkstra 2001). To overcome 
this inefficiency, immobilization of nanoparticles using commercially available Degussa 
P25 or TiO2 nanoparticles prepared using sol-gel methods has been carried out (Sayilkan 
2007, Subramanian 2003, Carneiro 2004, Osugi 2005, Zanoni 2003). These methods, 
however, were shown to have a significantly reduced surface area and thereby increasing 
degradation times (Noorjahan 2003). Nie et al. (2013) reported that a TiO2 nanotubular 
photoanode exhibits increased inactivation rates over immobilized TiO2 nanoparticles 
under identical experimental conditions. Additionally, Kar et al. (2008) found that TiO2 
nanotubes anodized on titanium wires showed a significant improvement in PC activity 
over nanotubes formed on foil when the conversion of a textile dye, MO, increased from 
19% on foil to 40% on wires with identical nanotube dimensions illuminated over the 






2.2 Photocatalytic and Photoelectrocatalytic Inactivation of 
Bacteria  
 E. coli is a common type of bacteria analyzed in many bacterial inactivation 
studies. E. coli is commonly found in the lower intestine of warm-blooded organisms 
(Singleton 1999), but can also survive outside of the body, which make them an ideal 
indicator organism to test for fecal contamination (Feng 2002, Thompson 2007) and 
subsequently, a good model microorganism for experimental inactivation via PC and 
PEC in a laboratory controlled setting.  
The PC inactivation of microorganisms using UV-irradiated TiO2 is thought to 
have been discovered in 1988 when Matsunaga et al. (1988) first reported their work on 
the inactivation of E. coli. Using TiO2 powders immobilized on acetylcellulose 
membranes, they discovered that low concentrations (103 colony forming units 
(CFU)/mL) of E. coli could be completely sterilized in 30 minutes under a mercury light 
intensity of 1100 microeinsteins/m2 per s. They then concluded that increasing the light 
intensity as well as the amount of TiO2 powders resulted in more rapid inactivation rates.  
PEC bacterial inactivation has many distinct advantages over PC inactivation. 
Applying an external bias to the system produces ROSs such as, h+, •OH, O2•−, and H2O2, 
etc. and also suppresses charge recombination, extending the lifetime of photoholes 
needed for direct inactivation. For effective PEC inactivation, a small voltage of ~1 V is 
sufficient for enhanced inactivation rates. The drawback to PEC inactivation lies in the 
reliance of available electricity.  
Nie et al. (2014) conducted an extensive study comparing the efficiencies of PEC 





nanotubular photoanode in a microfluidic device. The PEC and PC experiments were 
conducted in the same device irradiated with a constant UV light emitting diode array 
(365 nm) intensity of 28 mW/cm2; however, the PEC experiments included a constant 
applied external bias of 1.0 V. The results of the study concluded that PEC inactivation 
was more effective for both strains of E. coli than PC inactivation. They attributed the 
increased efficiency of PEC inactivation to the formation of additional h+ reactive species 
during the process. This was determined by introducing different scavengers to remove 
specific ROSs in the system. When h+ was removed from the system, a significant 
reduction in the bacterial inactivation rate was observed when compared to other 
scavengers. Scanning electron microscopy was employed to confirm cell death after PEC 
inactivation and demonstrated that cells were severely damaged and showed leakage of 
the intracellular components. 
Baram et al. (2007) studied the enhancement of the photo-efficiency of 
electrochemically grown porous TiO2 catalyst on foils and the inactivation rates of E. coli 
with applied voltages of up to 15 V. They found that increasing the applied potential to as 
much as 15 V in combination with UV light irradiation can drastically increase the 
bacterial inactivation rate as compared to 1 V with high E. coli concentrations (106–107 
CFU/mL). They stated that an anodic bias by itself has no influence on inactivation; 






2.3 Photocatalytic and Photoelectrocatalytic Oxidation in the 
Presence of Inorganic Ions 
 Alrousan et al. (2009) studied the PC and photolytic inactivation rates of E. coli in 
surface water in the presence of nitrate and sulfate anions. Clean borosilicate glass sheets 
were dipcoated in a TiO2/methanol suspension for immobilization. The glass sheet was 
placed in a batch reactor as described by McMurray et al. (2004). Surface water was 
treated with membrane filtration prior to experimentation. In this setup, inactivation rates 
of E. coli were found to be significantly lower in surface water samples compared to 
distilled water. They cite a study conducted by Rincon and Pulgarin (2005) to explain 
their results. Rincon and Pulgarin (2005) suggest that organic compounds compete with 
bacteria for ROSs. They note that certain anions could adsorb onto the catalyst, inhibiting 
the PC inactivation efficiency. They also conclude that other constituents in surface water 
could absorb UV radiation reducing the effect of photolytic disinfection.  
Nie et al. (2014) reported improved efficiencies in PEC inactivation efficiencies 
in the presence of NaCl and NaBr. They attribute this increase in efficiency to the 
formation of halide and dihalide radical anions during the inactivation process. They also 
found that no noticeable differences in inactivation efficiencies were observed in the 
presence of NaNO3, NaClO4 and Na2SO4. It is believed that this is because they are only 
responsible for charge transport in a solution during PEC rather than acting as the 







EXPERIMENTAL METHODS AND MATERIALS 
 
3.1 Device Fabrication 
 The batch reactor device contains a polycarbonate tube placed between sealed 
metal caps with port holes on either end. The anodically formed PC TNAs mesh was 
placed around the center of the device. The flow reactor contains PLA channels with a 
stainless steel backplate and a UV transparent polystyrene faceplate. The anodically 
formed PC TNAs wire was placed within the PLA channel, with a portion exposed to 
allow for connection to the power supply. The titanium mesh and wire (ESPI metals, 99.7 
% Ti) were cut to size, ultrasonically cleaned in a 50/50 (by volume) 
methanol/isopropanol solution and then chemically polished in an acetic acid solution. 
Anodization was performed at 30 V for 60 m in a fluorinated ethylene glycol solution 
using mechanical stirring and a Pt gauze (52 mesh) cathode (Figure 2). After anodization, 
samples were rinsed with methanol and ultrasonicated in deionized water. The 
amorphously formed nanotubes were crystallized at 500 ˚C for 2 hours in a reducing 
atmosphere. The nanotubes used in the flow reactor were designed to incorporate a large 





3.2 E. coli Preparation 
E. coli W3110 was selected as the model bacteria to evaluate inactivation 
efficiencies under varying parameters and conditions. Bacterial strains were precultured 
in Luria Bertani (LB) broth at 40 ˚C for approximately 3 hours while shaking at 200 rpm. 
The culture was ready when the absorbance indicated the bacteria were near the peak of 
the logarithmic growth phase, or an absorbance of ~1.1 (OD600). The culture was diluted 
in the appropriate NaCl solution (10, 100, or 1000 ppm) until the desired cell density was 
achieved (between ~8.0 x 103 and ~1.0 x 105 CFU/mL), several orders of magnitude 
higher than those typically observed in natural waters (~500 CFU/100 mL). 
 
3.3 E. coli Inactivation 
 Disinfection was conducted in the TNA containing batch reactor and flow 
reactors using a solar simulator with AM 1.5. Sunny days were simulated with 100 
mW/cm2 and cloudy day conditions were approximated by 25 mW/cm2. Incident UV 
irradiation on the surface of the flow reactor was typically ~1/10CFU of its respective full 
light spectrum intensity: ~3 mW/cm2 and ~10 mW/cm2 for 25 mW/cm2 and 100 
mW/cm2, respectively. The flow reactor combined photocatalysis with an applied anodic 
bias of up to 6 V.  
 
3.3.1 Batch Reactor Inactivation 
Contaminated water was manually pumped into the batch reactor with a 60 mL 
syringe. A schematic of the device is shown in Figure 3 and the experimental reactor is 





mixing. The TNA mesh was placed around the center of the reactor and irradiated with 
the aforementioned solar simulator. Samples were collected at varying times throughout 
the duration of the experiment for analysis via the plating method. Control experiments 
were performed using titanium mesh without the presence of TNAs.  
 
3.3.2 Flow Reactor 
Contaminated water was gravity fed through the flow reactor at ~50 mL/m. A 
schematic of the device is shown in Figure 5 and the experimental setup is shown in 
Figure 6. For field assisted experiments, an anodic potential between 1 V and 6 V was 
applied to the TNA and a stainless steel plate was used as the cathode. A flow reactor was 
also tested with an aluminum anode to examine the effects of electroporation without a 
PC material. Control experiments were performed with the various anodes in the absence 
of UV irradiation. Additionally, blank devices without an anode material were also run as 
controls. Bacteria samples were well mixed before being poured through the device to 
avoid settling.  
 
3.4 E. coli Analysis 
The enumeration of E. coli concentrations before and after treatment was carried 
out by plating 50 μL aliquots onto LB agar. The LB agar plates were incubated overnight 
at 37 ˚C and colonies were visually identified and counted. Testing was performed in 
triplicate and an average of the results were taken as data points. Error bars are 
representative of the standard deviation between individual samples in each test. A paired 





3.5 Natural Water Disinfection 
Emigration Creek at Rotary Glen Park was used as a sample location for natural 
water disinfection as it represents a realistic source water from which one might drink 
while recreating in nature. Samples collected from this location were treated under 
natural sunlight using voltage conditions that were found to be favorable in the laboratory 
controlled E. coli experiments. In situ field data collected consisted of light intensity 
(total and UV), temperature, oxidation-reduction potential (ORP), conductivity and pH. 
The water was not turbid and contained little debris, so filtering was not performed. 
Sodium chloride was added to the system at concentrations of 10, 100 and 1000 ppm to 
simulate levels examined in the lab. Samples were brought to ChemTech-Ford 
Laboratories for enumeration of total coliform. Natural water samples were also brought 
back to the laboratory for testing under controlled sunlight and with the addition of NaCl. 
The sample water was filtered through a 0.2 µm filter to ensure no bacteria remained in 
solution. Laboratory grade E. coli W3110 was then diluted into the natural water and run 
through the flow reactor device subjected to 100 mW/cm2. The test was also run with a 
spiked NaCl concentration of 100 ppm to examine the effects of additional chloride in the 
water and mimic previous laboratory experiments. After the gravity fed samples were 
treated at a flow rate of ~50 mL/m, the samples were brought to ChemTech-Ford 




































Figure 6. Setup used in the flow reactor experiments. Water is gravity fed through the 









4.1 TNA Appearance 
The TNA, shown in Figures 7 and 8, exhibited well defined tubes and/or nanograss, 
thin tubes that collapse and bundle when removed from the anodization solution. Average 
nanotube dimensions were 59 nm in diameter and 3.5 µm in length. 
 
4.2 Inactivation Performance in a Polycarbonate Batch Reactor 
 Figure 9 shows the results of PC bacterial inactivation under identical 
experimental parameters with varying starting concentrations of E. coli. After 60 minutes 
the concentration of survived bacteria reduced by 10%, 60% and 90% for the high, 
medium and low starting concentrations, respectively, when compared to their control 
experiment (titanium wire). Each experiment displayed a reduction in active bacteria 
within the first 10 minutes, but the high and medium concentration experiments became 
relatively stable after the initial drop indicating poor inactivation rates over an extended 
period of time. The lower starting concentration (still several orders of magnitude higher 
than is typically found in natural surface waters) experiment continued to show a 





4.3 Inactivation Performance in a Flow Reactor 
 The majority of the experiments that took place throughout the duration of this 
study were conducted in a flow reactor. The flow reactor exhibited improved inactivation 
performance and throughput over the batch reactor device. The remainder of this thesis 
focuses on the inactivation performance using a flow reactor under varying conditions. 
 
4.3.1 Inactivation Performance Under Simulated Conditions 
Inactivation results for different contact times within the reactor are shown in 
Figure 10. All tests were conducted with an irradiated intensity of 100 mW/cm2. A 
contact time of 60 seconds under static conditions in the flow reactor showed a reduction 
of several hundred active bacteria between 0 V and 2 V, dropping to 479 CFU/mL at 2 V 
from the original concentration of 1010 CFU/mL, but no statistical difference between 
these applied voltages was seen. At 4 V, no bacteria were detected. A contact time of 15 
seconds under dynamic conditions expressed a similar trend, but exhibiting higher values, 
about double of those observed for the 60 second treatment, dropping to 790 CFU/mL at 
2 V with no statistical difference between 0 V and 2 V. At 3 V, no bacteria were detected. 
The blank devices run as controls exhibited no significant reduction or difference in 
active bacteria between experiments. Subsequent testing was conducted with a 15 second 









4.3.2 Inactivation Performance Under Different Irradiation 
Conditions 
Reactor efficiency data under different irradiation conditions are shown in Figure 
11. No statistical difference between the 0, 25 and 100 mW/cm2 conditions was observed 
until 3 V, where bacteria concentrations dropped to 790, 210 and 20 CFU/mL, 
respectively.  
 
4.3.3 Inactivation Performance with Different Anode Materials 
The difference between the TNA and the Al anode on bacterial inactivation is 
shown in Figure 12. Initially, the Al outperforms the TNA as ~70% bacterial inactivation 
is achieved. At 3 V, the TNA becomes drastically more effective, while the Al still does 
not show any statistical difference in its values. The Al anode consistently displays a 
significantly higher current than the TNA anode. 
 
4.3.4 Inactivation Performance Under Different NaCl Loading 
Conditions 
Inactivation with different NaCl concentration additions to the device are shown 
in Figure 13. A concentration of 10 ppm NaCl showed ~50% reduction at 1 V, but did 
not show a statistical difference in reduction between 1 V and 5 V. Little reduction in 
active bacteria was observed between 1 V and 2 V for the 100 ppm and 1000 ppm NaCl 
additions, but complete inactivation was achieved at 5 V and 4 V, respectively. Typical 
salt concentrations found in natural waters where experiments took place have been 





4.3.5 Inactivation Performance Under Natural and Simulated 
Sunlight Conditions 
Chemical analysis of the water collected at Emigration Creek is shown in Table 2. 
Experiments similar to those run in the laboratory were conducted under natural 
conditions at Emigration Creek. Table 3 and Table 4 show the results of the experiments 
conducted under the conditions listed in Table 2. Total coliform were enumerated as 
CFU/100 mL. Total coliform was shown to reduce from a starting concentration of 2300 
CFU/100 mL to 52 CFU/100 mL at 6 V and with a spiked concentration of 100 ppm 
NaCl. The results from experiments conducted in the laboratory with natural water 
samples are shown in Table 4. Complete inactivation was observed from an initial 







Figure 7. Top view SEM image of nanotubes annealed in nitrogen/2% hydrogen blend on 






Figure 8. Side view SEM image of nanotubes annealed in a nitrogen/2% hydrogen blend 














Figure 10. Bacterial inactivation performance under 15 second and 60 second contact 
times subjected to 100 mW/cm2 in the flow-through device. The active bacteria 
concentration decreases at low voltages for each time of contact, but more significantly 








Figure 11. Bacterial inactivation performance under simulated conditions for 0 mW/cm2, 
25 mW/cm2, and 100 mW/cm2 showing the effect that different levels of inactivation 
have on the system. Bacteria subjected to 3 V and 25 mW/cm2 exhibited ~80% 












Figure 12. Bacterial inactivation performance using Al and TNA anode materials. The Al 
anode showed a drastic decrease in active bacteria at a low voltage, but was unable to 
completely inactivate all bacteria while the TNA anode expressed a small decrease in 










Figure 13. Bacterial inactivation performance using different NaCl concentrations under 
100 mW/cm2 irradiation. Bacterial inactivation became more effective with higher 





Table 2. Environmental and water conditions and chemistry in Emigration Creek at 
Rotary Glen Park. 
Parameter 
  
Flow Rate 50 mL/min 
Light Intensity 100 mW/cm2 
UV 12.6 mW/cm2 
pH 8.02 
Conductivity 1186 µS 
ORP 397 mV 
Temperature 12.2˚C 
Sulfate 152 ppm 
Nitrate 0.4 ppm 
Nitrite <0.1 ppm 






Table 3. Biocide results, within 10% error, from device testing Emigration Creek water 
under natural settings. 
Condition Total Coliform 
(CFU/100 mL) 
Original  2300 
 0 V, 0 ppm NaCl >2400 
 0 V, 10 ppm >2400 
 0 V, 100 ppm >2400 
4 V, 0 ppm NaCl 1100 
4 V, 10 ppm NaCl 1300 
4 V, 100 ppm NaCl 300 
5 V, 0 ppm NaCl 1000 
5 V, 10 ppm NaCl 400 
5 V, 100 ppm 650 
6 V, 0 ppm NaCl 490 
6 V, 10 ppm 50 
6 V, 100 ppm 52 
 
 
Table 4. Biocide results, within 10% error, from device testing Emigration Creek water 




Original  2100 
Blank 2600 
 4 V 1700 









5.1 Inactivation Mechanism 
The environment inside the reactors during treatment is unfavorable for pathogens 
due to both PC generation of radicals and the applied electric field. Irradiation of the 
TNA with light <387 nm causes bound electrons to excite into the conduction band, 
leaving behind a hole situated in the valence band, Eq. 13.  
 
𝑇𝑇𝑂𝑂𝑂𝑂2 + ℎ𝜐𝜐(> 𝐸𝐸𝑂𝑂) → 𝑇𝑇𝑂𝑂𝑂𝑂2 + 𝐼𝐼−(𝐶𝐶𝐶𝐶) + ℎ+(𝑉𝑉𝐶𝐶)      (13) 
 
These holes are then free to react with adsorbed -OH and H2O, generating •OH. 
The reactions, summarized in Eqs. 14 and 15, are theorized to be of great importance in 
biocide, as •OH has the highest oxidation power of aqueous and elemental radical species 
that can be generated during PC (Nie 2014, Munter 2001).  
 
TiO2 (h+)  +  −OHads  →  TiO2  +  •OH       (14)  





During PEC, electrons are driven into the circuit via the nanotubes and titanium 
substrate to reduce their recombination rate with holes. This extended time period allows 
holes to directly participate in the oxidation reaction with the bacteria, which is especially 
important as holes have a higher relative oxidation power than •OH (Munter 2001). 
Figure 1 shows a depiction of the oxidation process through direct (h+(VB)) and indirect 
processes (i.e., •OH). 
However, from the data collected, it was observed that PC and PEC (<2 V) alone 
does not inactivate the bacteria at flow rates that are necessary for this type of device. 
Gram-negative bacteria, such as E. coli, produce the enzyme superoxide dismutase 
(SOD) in response to oxidative stress. This enzyme can transform radicals into hydrogen 
peroxide (H2O2) and molecular oxygen via reactions Eq. 16. Bacteria then produce 
catalase which breaks down intracellular H2O2 into water and oxygen (Eq. 17) (Rincon 
2003).  
 2𝑂𝑂2•− + 2𝐻𝐻+ 𝑆𝑆𝑂𝑂𝑆𝑆�⎯� 𝑂𝑂2 + 𝐻𝐻2𝑂𝑂2        (16) 
 
𝐻𝐻2𝑂𝑂2 + 𝐻𝐻2𝑂𝑂2 𝑐𝑐𝑎𝑎𝑐𝑐𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐�⎯⎯⎯⎯⎯� 𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂       (17) 
 
5.2 Electroporation 
To make the device more effective without increasing the overall size or contact 
time with the TNA, a voltage above what is required for PEC (<2 V) was applied to the 
system to induce electroporation. In electroporation, high voltage electric fields 





(United States Food and Drug Administration 2011). This reversible breakdown results in 
permeation of the cell membrane and unregulated permeation of molecules. Pore size is a 
function of electric field intensity and duration within the field. Field strength for 
reversible breakdown is in the range of 3 – 24 kV/cm for bacteria cells (Mernier 2012, 
BTX Harvard Apparatus 2015). Long time periods at these field strengths and/or fields 
above this range can lead to irreversible mechanical destruction of the membrane.  
In pulsed electric field systems, pulses of high voltage reach between 20–80 
kV/cm (United States Food and Drug Administration 2011). These complex and energy 
intensive systems are not feasible for portable device operation; however, as the device 
described in this paper does not rely solely on electric fields for cell lysing, the power 
requirements can be substantially reduced. At 4 V, the device is calculated to have an 
electric field of ~0.08 kV/cm. Although this field strength is below field strengths 
reported for bacterial electroporation (~2.2 kV/cm) (United States Food and Drug 
Administration 2011), it is proposed that just enough permeation is occurring to allow 
radical penetration into the cell. This is likely attributed to the increased time (15 
seconds) in which the bacteria is exposed to high voltage for electroporation, as typical 
electroporation is conducted within a fraction of a second. This has been reported by 
other researchers when using electroporation in microdevices (less than 2 V continuous 
DC) (Guido 2012). Complete inactivation can occur at low field strengths as radicals 
directly attack cell components without having to oxidize the cell defense enzymes or 
break down the membrane. Increasing the irradiation intensity on the system shows little 
effect at <3 V as the channels are too wide and the flow is too fast for PC generated 





are present to significantly increase the rate of disinfection. After an initial drop in cell 
density, the Al anode maintained inactivation levels between 1 V and 4 V. However, the 
PC material plays an important role in the disinfection process as the TNA generates 
electron hole pairs, while the Al anode does not. 
 
5.3 Ion Effect on Disinfection 
Increasing the chloride concentration was observed to require a decrease in the 
voltage at which inactivation was observed. These results agreed with Nie et al., who 
reported that chloride and dihalide ions increase bioactivity in PEC as the photogenerated 
holes now have a longer lifetime and can ionize chlorine through the following reactions 
(Eqs. 18 and 19) (Nie 2014): 
 
ℎ+(𝑉𝑉𝐶𝐶) +  𝐶𝐶𝐹𝐹−  →  𝐶𝐶𝐹𝐹•        (18) 
 
𝐶𝐶𝐹𝐹• + 𝐶𝐶𝐹𝐹− → 𝐶𝐶𝐹𝐹2•−        (19) 
 
Alrousan et al. found that the photolytic disinfection rate was slightly reduced 
when sulfate and nitrate ions were present in solution when a TiO2 film was used. 
Sulfates were reported to block active sites via adsorption to TiO2 surfaces (Alrousan 
2009), while nitrates absorb UV light. The drop in current with time for the natural water 
is thought to be caused by the deposition of sulfates on the TiO2 surface. The simulated 
sunlight experiments are thought to have been more efficient than the natural sunlight 





disinfection device. Ongoing research is addressing these challenges through device 
optimization to overcome the reduction in inactivation rates for natural waters.  
 
5.4 Combined PC and PEC 
Inactivation of E. coli in a flow reactor device using a combination of 
photocatalysis and electroporation occurred in both simulated and natural water. A higher 
voltage was needed in the natural water containing additional inorganic and organic ions. 
For each of the parameters evaluated, field assisted PC was more effective for bacterial 
inactivation than PC alone. The optimal applied bias for complete inactivation was >3 V. 
Increasing the NaCl concentration in solution improved the efficiency of the device, but 
should be limited to 250 ppm, as this is below the Environmental Protection Agency 
Secondary Drinking Water Regulations for chlorides in drinking water (United States 
Environmental Protection Agency 2014). The implications of this technology advances 
the understanding of the combination of electroporation with PEC and PC oxidation of 
harmful constituents in surface water and could lead to more cost effective water 









6.1 Analysis Results 
 The results of this study show the potential for using immobilized TNAs as a cost 
effective method for disinfecting contaminated surface waters. Each reactor used 
exhibited promising inactivation efficiencies for a real world water disinfection device 
for POU purposes. The PC batch reactor was able to reduce the amount of survived E. 
coli by 90% in 60 minutes and the flow reactor exhibited increased inactivation rates with 
the application of a small anodic bias. The combination of photocatalysis and an applied 
external anodic bias in the flow reactor reported to completely inactivate higher levels of 
bacteria than are typically found in natural surface water with a throughput rate of 50 
mL/m. Reducing the flow in the reactor, and therefore increasing the contact time, 
exhibited more efficient inactivation rates between 0 and 3 V with complete inactivation 
at 3 V and 60 seconds in the reactor. Although irradiation intensity is necessary for 
radical formation and direct oxidation, no statistical difference was observed in the 
reactor with increasing irradiation intensities until 3 V was applied. Testing the flow 
reactor with an Al anode alongside a TNA anode expressed the importance of the TNAs 
for bacterial inactivation by achieving complete inactivation at 4 V with the TNA anode, 





 concentrationsin the contaminated samples resulted in improved inactivation rates with 
increasing concentrations, which can be attributed to the addition of dihalide ions in 
solution contributing to the oxidation process. Finally, the natural water samples 
presented difficulty for complete bacterial inactivation. This was likely due to the 
addition of organic and inorganic ions and other constituents found in nature that possibly 
block the active sites and/or absorbing of UV light; however, a significant reduction in 
survived bacteria was still observed with a higher applied bias of 6 V under natural 
conditions. These results express the feasibility of the proposed technology for real world 
applications. Certainly, this technology should be further developed and optimized to 
treat all types of surface water under a worst-case scenario prior to commercialization for 
human use. The device used in this study would be ideal as a portable POU water 
disinfection unit for outdoor enthusiasts or in emergency situations. It is also believed 
that this system could be scaled up to be used for larger applications such as residential 
water treatment for primary drinking or secondary water uses. The incorporation of 
batteries or a portable solar panel on a flow reactor disinfection device such as the one in 
this study could allow a user to more efficiently disinfect contaminated water. 
 
6.2 Future Research 
 The research conducted for this study, albeit comprehensive, requires a much 
more inclusive assessment to develop a portable POU water disinfection system for 
human use. This study merely scratches the surface of the fundamentals for using TNAs 
for the PC inactivation of water-borne pathogens in a POU water disinfection device. To 





should focus on the variations of water chemistries found in surface waters, the effects 
that varying levels of turbidity have on the device and the effectiveness of the device for 
treating a wide array of other pathogens such as giardia, cryptosporidium and viruses. 
Further, a deeper understanding of the specific disinfection mechanism also needs to be 
understood. Ongoing research on the effects of common ions in surface waters, 
specifically chlorides, nitrates and sulfates is currently underway. Additionally, 
laboratory experiments are focused on bacterial inactivation in the aforementioned flow 
reactor without the presence of light so disinfection can take place without a dependence 
on available sunlight. Future experiments will be conducted introducing scavengers to 
remove ROSs to determine which ROSs are responsible for bacterial inactivation so that 
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